Whether an acute myocardial infarction due to occlusion of one major coronary artery can cause ischemia in the distribution of a second narrowed coronary artery by the mechanism of collateral interruption (i.e., ischemia at a distance) is not known. To study this, we reviewed 128 consecutively autopsied patients with acute fatal myocardial infarcts and identified 20 patients in whom angina, associated with transient ischemic ECG changes, developed early after infarction. All 20 patients had severe (>75% narrowing) twoor three-vessel coronary artery disease with a myocardial infarction in the distribution of a freshly occluded coronary artery. Twelve patients had postinfarction angina and transient ST-T-wave changes in the electrocardiographic zone of the occluded vessel (i.e., postinfarction ischemia in the infarct zone). In eight patients, however, postinfarction angina and transient ST-T-wave changes developed in the electrocardiographic zone of a nonoccluded but critically narrowed vessel (i.e., ischemia at a distance). Compared with patients who had ischemia in the infarct zone, patients who had ischemia at a distance had a lower final Killip class, more deaths due to ventricular arrhythmias, and significantly smaller infarcts at autopsy (p < 0.005). Thus, death in the patients with ischemia at a distance appeared to be related more to the ischemic events than to the quantity of myocardium lost. During a 6-month period, four additional patients with ischemia at a distance were identified from 40 consecutive patients admitted to the coronary care unit with documented myocardial infarction. The clinical course and pathologic findings in these patients suggested that it was not the acute infarction that led to their deaths, but rather ischemia at a distance. This concept of ischemia at a distance not only extends our understanding of an ischemic border zone, but suggests a subset of early postinfarction patients who might be particularly suited for prompt cardiac catheterization with aggressive medical and surgical intervention.
MYOCARDIUM in the distribution of a critically narrowed coronary artery is at risk for ischemia and infarction, and when an infarct occurs, it is usually in the regional distribution of an acutely narrowed or occluded vessel.1' 2 Defining myocardial regions anatomically by their epicardial blood supply is the basis for clinical localization of coronary disease by electrocardiography, exercise stress testing, ventriculography and myocardial scintigraphy with agents such as thallium-201.3 4 It is also a basis for considerable work on experimental myocardial infarction using selective coronary ligation.
As early as 1940, however, Blumgart et al. 5 noted that the site of occlusion of a human coronary artery is usually related to the location of an infarct in the heart. He postulated that due to the anastomotic circulation, an acute occlusion of one coronary artery could lead to infarction in the distribution of another coronary artery. Blumgart called this paradoxical phenomenon "infarction at a distance." Extending this hypothesis, an acute occlusion of one coronary artery could lead to ischemia in the myocardium supplied by a second coronary artery, if the second coronary artery were critically narrowed and depen-dent on collateral blood flow from the first coronary artery. This phenomenon would represent ischemia at a distance.
In this study we examined autopsy patients with acute coronary occlusion and fatal myocardial infarction in whom angina developed after infarction. We correlated electrocardiographic findings during pain with coronary and myocardial anatomy at autopsy. Our findings suggest that ischemia at a distance is one type of clinically recognizable postinfarction angina. Insofar as it indicates ischemia in a second vascular area, this form of rest angina appears to define a potentially large jeopardized border zone of ischemic myocardium that has clearly not yet undergone infarction and would be especially suited for medical and surgical intervention aimed at salvage. Materials 
and Methods

Autopsy Group
Patients from the autopsy files of The Johns Hopkins Hospital were included in this study if they met the following criteria: (1) they died within 30 days of acute myocardial infarction with postinfarction angina; (2) the heart had been studied after postmortem coronary arteriography; (3) there was evidence of infarction in the distribution of an occluded coronary artery; and (4) the gross specimen and postmortem angiograms were available for study. Twenty of 128 autopsy cases of acute myocardial infarction reviewed fulfilled these criteria and were included in this study.
The patient's clinical records were studied. Postinfarction angina was diagnosed on the basis of typical anginal pain, relieved by nitroglycerin, accompanied by transient ST depression greater than 1 mm, ST elevation greater than 1 mm, or T-wave changes. ST-T-wave changes in leads I, aVL, and V1 to V4 were classified as being in the distribution of the left anterior descending coronary artery; ST-T-wave changes in leads II, III, aVF, V, and V8 were classified as being in the distribution of the right or circumflex coronary arteries. Ischemia at a distance was defined as transient ST-T-wave changes in a vascular distribution away from the acute infarct. Transient ST-Twave changes in the vascular distribution of the acute infarct associated with chest pain was considered postinfarction angina in the infarct zone. At autopsy, all hearts were prepared by postmortem angiography using a gelatin-pigment-barium mass injected at pressures of 100-150 mm Hg controlled by manometer, and were subsequently fixed in formalin in a distended state. Radiographs of the intact heart and its transverse sections were made. The hearts were studied grossly and histologically for the presence of myocardial lesions and obstructive disease of the coronary arteries. The postmortem angiograms were studied to determine the extent of coronary artery disease. The presence and extent of collateral channels were noted. The extent of collateral development was estimated without knowledge of the patient's identity or clinical course. The hearts were serially sliced and transverse sections were planimetered; areas of remote and recent myocardial necrosis were noted. Each transverse slice was weighed minus the right ventricle. Using a digitizing computer (Hewlett-Packard), the weight of infarcted tissue and the percentage of left ventricle infarcted were obtained.
Differences between the group with ischemia at a distance and the group with ischemia at the infarct zone were tested for significance using chi-square analysis and unpaired t tests.
Clinical Group
After we identified the patients at autopsy who had ischemia at a distance, we sought to identify this entity prospectively in patients after acute myocardial infarction. Over a 4-month period, we identified patients in the coronary care unit of The Johns Hopkins Hospital who had acute myocardial infarction and developed angina at rest within 10 days after infarction. Patients with transient ischemic ST-T-wave changes localized by ECG to a vascular distribution away from the site of the acute infarct were included in this report.
Results
Clinical Findings of Autopsied Patients
Of the 128 patients with fatal myocardial infarction, 20 (16%) had postinfarction angina and documented electrocardiographic ischemic changes. All the patients presented to the hospital complaining of severe chest pain and were admitted to the Intensive Care Unit. The patients had electrocardiographic changes compatible with an acute myocardial infarction and had elevated creatine phosphokinase (CK) levels. By electrocardiographic criteria, 10 patients had an anterior infarction, nine had an inferior infarction, and one had a lateral infarction. Postinfarction angina developed 1-10 days (average 2.8 days) after admission in the 20 patients. Fourteen patients (70%) had ischemia on the first or second day after infarction. Eight patients had electrocardiographic evidence of ischemia at a distance and 12 had ischemia at the infarct zone. There were no significant differences between the two groups with regard to age, sex, admission Killip class, systemic hypertension or presence of sinus tachycardia (table 1). Patients who had ischemia at a distance were more likely to suffer sudden cardiac death due to ventricular arrhythmias (p < 0.05). A typical sequence of electrocardiographic changes in a patient with ischemia at a distance is shown in figure 1.
Autopsy Findings
By gross and histological evaluation, all patients had evidence of acute myocardial infarction in an area of myocardium supplied by a vessel with a critical atherosclerotic narrowing and superimposed acute thrombotic occlusion. Sixteen patients (80%) had evidence of a previous myocardial infarction. Postmortem angiography revealed multiple vessel involvement by atherosclerosis in all 20 patients. All patients with ischemia at a distance and 83% of patients with ischemia at the infarct zone had well-developed collateral vessels. A postmortem angiogram of a patient with ischemia at a distance is shown in figure  2 . The relationship among the acute infarction, the postmortem angiograms, and the postinfarction angina in patients with ischemia at a distance is given in table 2.
There were no significant differences between the patients had recurring episodes of pain after infarction. In two patients (50%) with ischemia at a distance, angina preceded episodes of ventricular tachycardia. Cardiac catheterization revealed severe two-or three-vessel coronary artery disease and good overall left ventricular function in all four patients. In each patient, a total coronary occlusion in the coronary artery supplying the infarct zone and a critical stenosis (>75% luminal narrowing) in the coronary vessel supplying the "distant" ischemic myocardium were identified. In two of these four patients, angina was eventually alleviated with high doses of nitrates and propranolol. Two patients did not respond to medication, had persistent pain with arrhythmias, and died 4 and 7 days after infarction. Permission for autopsy was not obtained.
Discussion Persistent pain after acute myocardial infarction is believed to be a poor prognostic sign, presumably because it represents continuing ischemia or infarction or both. Little is known, however, about the true incidence, significance or pathophysiology of postinfarction angina. In this study we identified postinfarction angina in autopsied patients who died of acute myocardial infarction. To exclude other causes of pain, including pericarditis and reinfarction, we included only patients who had transient chest pain characteristic of angina and transient ST-T-wave changes of ischemia without enzymatic or histologic evidence of new infarction. Using these criteria, which, if anything, would underestimate the frequency of angina, we found that 20 of 128 patients (16%) with fatal infarcts had postinfarction angina. Reviewing the clinical and pathologic findings in our 20 patients, we identified two morphologic types of postinfarction angina: angina with evidence of ischemia in the location of the initial infarct and that associated with ischemic changes in a myocardial region away from the original infarct.
Ischemia in the Infarct Zone
In 60% of the autopsied patients with postinfarction angina, pain developed in association with ST-T-wave changes in the electrocardiographic area of the original infarct. In these patients, rest pain developed 1-10 days after infarction; in 10 of the 12 patients, rest pain developed within the first 36 hours. At autopsy, infarct size in these patients averaged 31% of the left ventricle, and six patients (50%) had infarcts involving over 30% of the left ventricle. Thus, in these patients, the size of infarction was in the range associated with of angina is hypoperfusion of myocardium adjacent to the infarct zone due to impaired overall coronary blood flow. Morphologic evidence for persistent border-zone ischemia in the setting of large infarcts is suggested by studies of patients in cardiogenic shock. 6 Another possible mechanism of postinfarction angina is spasm of the vessel in the distribution of the infarct. Oliva and Breckenridge showed in humans that this may occur with acute coronary occlusion.7 Maseri et al. described persistent angina in 22 of 28 patients who developed acute myocardial infarction after presenting with crescendo angina. Although specifics of the electrocardiographic alterations were not provided, infarction occurred in all patients in myocardium corresponding to the site of the ECG changes during pain, and postinfarction angina was often associated with normalization of inverted T waves in the location of the acute infarct.8 Insofar as spasm may play a role in preinfarction rest angina, it would not be surprising if intermittent spasm in the same vessel were a source of persistent angina after acute infarction.
Ischemia at a Distance
The second type of postinfarction angina, identified in 6% of autopsied patients and in 10% of the clinical group, appeared to represent ischemia in a vascular distribution distant from the site of infarction. All patients with ischemia at a distance had electrocardiographic changes that localized the acute myocardial infarction to the distribution of the coronary artery acutely occluded by thrombus. Each of these patients subsequently developed angina localized by ECG to the myocardium in the distribution of a second major coronary artery, which was critically narrowed but without evidence of acute occlusion at autopsy. Well-developed collateral channels between the major vessels concerned were noted on the postmortem angiograms in all eight patients. The infarctions in these patients were significantly smaller than those in patients with ischemia in the infarct zone (average 14% vs 31%, p < 0.005).
We prospectively identified four patients in whom ischemia at a distance developed early after infarction. In these four patients, in whom persistent postinfarction angina led to cardiac catheterization, we identified a second critical coronary narrowing that corresponded to the site of distant ischemia. Although the numbers are small, these four patients were similar in some respects to the eight autopsy patients. Their infarct sizes were not large as assessed by peak CK values (range 444-1092 IU/l), and the postinfarction ejection fractions determined by contrast angiography were good (range 51-63%). Two of these four patients had recurrent ventricular tachycardia associated with rest angina, despite good left ventricular function.
A likely explanation for angina in these patients studied by autopsy or clinically is that acute coronary occlusion not only led to ischemia and infarction in its own distribution, but also compromised collateral channels by which that vessel had provided additional blood flow to myocardium in the distribution of a second chronically narrowed coronary vessel, thereby leading to ischemia at a distance. In 1940, Blumgart et al.5 stressed the importance of collateral vessels and found a well-developed collateral network in most of their autopsy cases with a history of angina. He postulated that the collaterals could satisfy resting but not stress-induced energy requirements and saw compromise of collaterals as a cause of infarction at a distance. Helfant et al.9 showed that patients with extensive collaterals, visualized by coronary angiography, had a high frequency of abnormal exercise electrocardiograms. Collateral vessels may protect against ischemia at rest, and their interruption or compromise by acute occlusion of the feeding epicardial coronary artery seems a likely explanation for new and distant rest angina in our patients.
There are other explanations, however, for the distant ischemia aside from the interrupted collaterals; generalized spasm could lead to this phenomenon. Although spasm in multiple coronary arteries of the same patient is rarely reported,8 10 this could be due to the technical difficulty of documenting simultaneous spasm in multiple vessels at cardiac catheterization. It would also be possible to have a generalized change in coronary tone during an acute myocardial infarct that might alter the gradient across a stenosis in the distant coronary vessel. '1 Another possibility for distant ischemia in the distribution of a second critically narrowed vessel could be the increased oxygen demands in the noninfarcted myocardium. Infarct size in these patients was generally small, and in none of these patients was there evidence of acute mitral regurgitation or other lesions that might place an undue oxygen demand on the ventricle as a whole, although half of the patients did have hypertension or tachycardia after infarction. Reciprocal ECG changes might also be an explanation for ST-T-wave alterations away from the site of infarction, but reciprocal changes should occur simultaneously with acute ECG changes. Only during the early hours of acute infarction, when ST-segment elevation and depression are still in flux and chest pain of infarction is present, should it be difficult to distinguish reciprocal change from ischemia at a distance. Accordingly, compromise of collateral vessels seems the best explanation for the ischemic changes noted clinically in myocardium away from the site of acute infarction.
Not surprisingly, patients with ischemia at a distance did not die in cardiogenic shock, but most died from persistent ventricular arrhythmias. Localized ischemia can lead to reentrant arrhythmias, and ventricular irritability after infarction is related, in part, to the amount of coronary artery disease.'2 It seems likely that the fatal ventricular arrhythmias in our patients were due to the ischemia at a distance rather than to the initial myocardial infarction. Death in these patients may be similar to sudden death in patients who may develop ischemia-related ventricular tachycardia/ventricular fibrillation without acute infarction or acute coronary occlusion.'3 Thus, these patients dying after acute myocardial infarction with 514 CIRCULATION ISCHEMIA AT A DISTANCE/Schuster and Bulkley ischemia at a distance may not be dying of myocardial necrosis, but rather of myocardial ischemia. Research effort over the past decade has focused on infarct size as the major cause of death in hospitalized patients after acute myocardial infarction,'4 and numerous experimental studies in both animals and humans have been directed at limiting infarct size after the acute coronary event has occurred. The border zone, which has been the subject of such interest and controversy, represents the myocardium in the distribution of the coronary occlusion at the edge of the infarct that has potential for salvage. Patients with ischemia at a distance have a unique type of border zone. The border zone is not a lateral or epicardial rim surrounding their infarct, but rather myocardium in an entirely new vascular territory, making the total risk zone of infarcted and ischemic tissue especially large. These patients with postinfarction ischemia at a distance also have a border zone that is unique in that it can be identified in its preinfarction and potentially salvageable state. All but one of the patients studied here with ischemia at a distance had small infarcts and presented in hemodynamically stable condition with deterioration only after 24 hours. Thus, the patient with ischemia at a distance after acute myocardial infarction may be especially suited for interventions directed at limiting ischemia, ischemia-related arrhythmias and necrosis. In contrast, the patient coming to autopsy with ischemia in the infarct zone appears to be more likely to have an acute myocardial infarct with a large mass of irreversibly necrotic myocardium, a setting in which interventions are probably of limited value.
The entity of early postinfarction angina needs further exploration. Little information is available to date. Our autopsy study and a study by McQuay et al.'5 suggest that postinfarction angina may occur and contribute to death in as many as 20% of patients with fatal infarcts. Further definition of this clinical syndrome, which probably identifies patients at high risk for death, is needed. The findings in this pathologic study suggest that the postinfarction angina syndrome represents at least two entities whose distinction may have implications with regard to pathophysiology, prognosis and management.
